Eddy-related cross-slope exchange along the Bering Sea shelf break was investigated using a hydrographic observations dataset and a numerical model. Results of observations in summer of 2001 showed a shelf break front that formed at a shelf break near an anti-cyclonic eddy, high nitrate-nitrite concentrations in the subsurface layer, and high chlorophyll a (Chl-a) concentrations propagation. These indicate that 1) mesoscale eddies supply nutrients and sustain primary productivity at the shelf break, and 2) eddies expand the high Chl-a area to the basin, then to the highly productive area, so that the Green Belt is maintained.
Introduction
The Bering Sea Green Belt named by Springer et al. [1996] is an area of high productivity around the Bering Sea shelf break （Fig.1）. Biological characteristics of this area include the extreme magnitude and timing of high primary production. Primary production of the Green Belt starts to rise during spring and is up to 175～275gCm -2 year -1 by July, while the spring and autumn phytoplankton blooms occur in the deep ocean, including the Bering Sea shelf region. There should be dynamic mechanisms supporting summer high productivity of the Green Belt, such as nutrient fluxes.
Along the Bering Sea shelf break, tidal mixing, the Bering Slope Current (BSC) and mesoscale eddies have been thought to be the factors generating nutrient fluxes [e.g., Springer et al., 1996; Mizobata et al., 2002] . Recently Mizobata and Saitoh [2004] showed the maximum primary production and high eddy variability along the Bering Sea shelf break during summer, and a positive correlation between primary production and the variability of eddy fields using satellite remote-sensing data analysis. This allows us to infer that mesoscale eddies contribute to the primary productivity of the Bering Sea Green Belt. At the present time, vertical-nutrient supply and cross-slope exchange are recognized as the eddy-related phenomena which supply nutrients.
Vertical transport of nutrients by mesoscale eddies has been detected by previous hydrographic observations [Sapozhnikov, 1993; Mizobata et al., 2002] . In the western Bering Sea, Sapozhnikov
Bering Sea Eddy and Cross-Slope Exchange -3 - [1993] observed a renewal of waters in the oxygen minimum layer and upwelling of deep waters caused by strong anti-cyclonic eddies. He also indicates that the intensity of eddy formation contributes to annual primary production and the quantity of nutrients. At the eastern Bering Sea shelf break, Mizobata et al. [2002] observed a cyclonic eddy and an anti-cyclonic eddy. Their hydrographic observations revealed that isopycnals were uplifted, indicating upwelling with nutrient-rich water inside eddies. They suggested that relatively high chlorophyll a (Chl-a) distributions follow the vertical nutrients supply around the periphery of an anti-cyclonic eddy or the center of a cyclonic eddy.
Cross-slope exchange has also been observed by satellite-tracked drifters that were deployed around eddies [Stabeno and van Meurs, 1999; Mizobata and Saitoh, 2003] . Stabeno and van Meurs [1999] Bering Sea Eddy and Cross-Slope Exchange -4 -moved along 1000-m isobaths and then to the basin on August 24 after tracking the anti-cyclonic eddy. This cross-slope exchange in relation to eddy is thought to transport nutrients and biota from the basin to the shelf [Stabeno and van Meurs, 1999; Okkonen, 2001] . In the Gulf of Alaska, Ladd et al. [2005] concluded that the high concentration of nitrate in the deep basin must be transported to the shelf due to cross-slope exchange induced by downwelling relaxation, eddies, and the combination of strong bathymetric gradients and tidal mixing. On the other hand, cross-slope exchange similar to our drifter study result is sometimes observed, and is thought to be an episodic event [Stabeno and van Meurs, 1999] .
Although several studies of the Bering Sea eddy field and primary productivity at the shelf break have been undertaken, we still have questions to be resolved. For instance, vertical nutrient supply alone cannot explain summer high productivity because the region from the shelf break to the basin is a high-nutrient, low-chlorophyll (HNLC) region. In addition, the depth of a drifter's drogue is 15m
to about 50m, which can capture only surface flow, so that the structure and timing of cross-slope exchange is poorly understood below the 50m depth, where nutrient-rich water can be found. Also
Bering Sea eddies at the shelf break should exhibit basin-ward transport as do eddies in the California Current, Gulf Stream and Alaska Gyre [Miller et al., 1999; Lin and Atkinson, 2000; Mackas and Galbraith, 2002; Okkonen et al., 2004; Ladd et al., 2005; Whitney et al., 2005 , Peterson et al., 2005 . Okkonen et al. [2004] showed high chl-a concentrations induced by an anti-cyclonic
Bering Sea Eddy and Cross-Slope Exchange -5 -eddy at the Bering Sea shelf break during spring. In the Gulf of Alaska, offshore transports of nutrients and coastal biota by an anti-cyclonic eddy are evident [Ladd et al., 2005; Whitney et al., 2005; Peterson et al., 2005] , but the effects of this basin-ward transport on primary production during summer have not yet been investigated in this region. The three-dimensional cross-slope exchange by eddies has, therefore, yet to be resolved, and the details of Bering Sea eddy effects on new/primary production at the shelf break remain to be elucidated.
To address these questions, we will 1) clarify the three dimensional cross-slope exchange due to eddies and 2) explore the mechanism maintaining summer high productivity of the Bering Sea Green
Belt using an integration/synthesis approach that combines hydrographic observation and satellite data, and a three-dimensional ocean general circulation model. This paper is organized as follows. Section 2 describes the details of hydrographic stations for detecting mesoscale eddies and a numerical model for the simulation of cross-slope exchange. The water properties, nutrient (nitrate+nitrite) distribution and Chl-a distribution around anti-cyclonic eddies in the Bering Sea are shown in Section 3. Eddy-related on-shelf flux and basin-ward transport simulated by a numerical model are presented in Section 4. In Section 5, we discuss the results and summarize this study.
Data and Methods
Bering Sea Eddy and Cross-Slope Exchange -6 - Figure 3 show anomalies after the mean circulation field (i.e., an open meander of the geostrophic current looks like a closed eddy) has been eliminated. Altimeter maps show that along the shelf break the anti-cyclonic eddy, rather than the cyclonic eddy, tends to occur (Fig. 3) . Oceanic mesoscale eddies frequently emerge along a strong current, such as the boundary current (e.g., Kuroshio). In addition, the diameter of the anti-cyclonic eddies averaged
Field measurements
Bering Sea Eddy and Cross-Slope Exchange -7 -about 100km (about 1 o in latitudinal direction). Since the size of a mesoscale eddy depends on the wavelength of the strong current. Figure 3 implies that these mesoscale eddies are related to the existence of the typical BSC which has a wavelength of about 200km along the shelf break [Okkonen, 2001] .
We then focused on the anti-cyclonic eddy near the shelf break. In the summer of 2001 and 2002, relatively weak or small anti-cyclonic eddies near the Pribilof Islands were observed, while strong anti-cyclonic eddies were located near the Zhemchug Canyon. At every station, the conductivity/temperature/depth (CTD, SeaBird SBE-9 plus)-Rosette cast was carried out with 12 niskin bottles from the surface to the bottom or 1500m depth, whichever was less. Vertical profiles of temperature and salinity were averaged over 1m intervals. Conductivity was measured using a salinometer calibrated with standard seawater.
It is important to examine the nutrient and Chl-a dynamics along the shelf break near the Pribilof Islands because these are highly productive fishing grounds [BEST, 2003] . Seawater samples were collected by 12 niskin bottles on the CTD-Rosette system from the surface to a depth of 200m.
Chl-a concentrations were measured using a Turner Designs 10-AU Field Fluorometer after extracting Chl-a using N,N-dimethylformamide (DMF 
Numerical simulation of the eddy field and the cross-slope exchange
The Estuarine, Coastal and Ocean Model with a semi-implicit scheme [hereafter referred to as ECOM-si; Blumberg, 1991; Wang and Ikeda, 1997a] was applied to simulate the eddy field and the cross-slope exchange at the Bering Sea shelf break. The ECOM-si is described in detail in Blumberg [1991] and Wang and Ikeda [1997a] . In this paper, we introduce the main features of ECOM-si. The ECOM-si is almost the same as the Princeton Ocean Model [POM, Blumberg and Mellor, 1987] with horizontal curvilinear coordinates, Arakawa-C Grid [Arakawa and Lamb, 1977] , sigma vertical coordinates, a free surface, and a second-order turbulence closure model for vertical viscosity [Mellor and Yamada, 1982] . The differences are 1) a semi-implicit scheme for calculating the surface elevation in the shallow water equations [Casulli, 1990] , 2) no use of the mode-splitting method, and 3) use of a predictor-corrector scheme [Wang and Ikeda, 1995, 1997a] to remove the inertial instability due to use of the Euler forward scheme in time in the original ECOM-si [Blumberg,1991] . ECOM-si with a predictor-corrector scheme is suitable for simulating unstable baroclinic waves and mesoscale eddies in a very low viscosity environment.
Bering Sea Eddy and Cross-Slope Exchange
The model domain is 100 x 60 horizontal grid points extending from the shelf break near the Pribilof Islands to the basin with southeast and northwest open boundaries (Fig. 1) . The eddy-resolving resolution of this model is 5km x 5km, which is less than half the internal baroclinic Rossby radius of deformation (Rd) The initial temperature, salinity and northwestward geostrophic velocity calculated using the temperature and salinity are shown in Fig. 4 . To achieve jet flow like that of the BSC, the cross-slope isopycnal tilt was given in this model. Because our numerical experiments did not use the spin-up integration, the isopycnal tilt has the opposite orientation to the continental slope [Wang and Ikeda, 1997a] . At the open boundaries, in-situ temperature and salinity vertical profiles, which were obtained by CTD (conductivity, temperature, depth) on the T/S Oshoro-maru in 2001, were used in this model. Additionally, a sinusoidal perturbation on the initial geostrophic flow, P u, was
given by equation (1) following Wang and Ikeda [1997b] :
Bering Sea Eddy and Cross-Slope Exchange -10 -Where L x is the wavelength, y 0 is the location of the front, and a is the width of the front (1.8Rd=19km). In section 4.1, we will decide the best values of L x and y 0 to reproduce the eddy field. This horizontal sinusoidal perturbation of the initial geostrophic velocity field is given to accelerate the development of unstable waves.
Constant effective horizontal eddy viscosity and diffusivity were calculated using Smagorinsky's [1963] formulation, and effective vertical eddy viscosity and diffusivity were calculated by a second-order turbulent closure scheme [Mellor and Yamada, 1982] . Due to using the semi-implicit scheme, the time step is 120s, which is six times larger than the Courant, Friedrich and Lewy (CFL) condition [Wang, 1996] . The model was integrated to 40 days.
In this modeling study, we first explored optimal conditions of mesoscale eddy generation by changing the distance between the jet flow and the shelf break, and the wavelength of the baroclinic instability wave. Then we carried out tracer experiments of eddy-related cross-slope exchange with non-dimensional tracer underσ=-0.115 over the basin or above σ=-0.08 over the shelf. The former tracer was the assumed basin nutrient concentrations and the latter tracer was the high Chl-a concentration assumed to exist in shelf waters.
Hydrographic observations

Anti-cyclonic eddies in 2001
Bering Sea Eddy and Cross-Slope Exchange -11 -A positive SLA field at the Bering Sea shelf break was observed from July 25 to 26, 2001 (Fig. 3a [Miura et al., 2002; Miura et al., 2003 ], existed at the 100m to 200m depth from 55.4 o N to 55.6 o N. Density structure (Fig. 5c ) showed isopycnals tilted in the opposite direction, but down-bowed isopycnals existed at 55.84 o N. At the shelf break, the 5 o C isotherm and 26 kg m -3 isopycnal were tilted, indicating the shelf break front (Fig 5b and 5c ).
Bering Sea Eddy and Cross-Slope Exchange -12 -According to Fig. 5a -c, we believe our observation captured an anti-cyclonic eddy with diameter of about 50~70km centered at 55.84 o N. In addition, low nitrate-nitrite concentrations were found at the center of the eddy (Fig. 5d) . These indicate the anti-cyclonic eddy drove the isopycnals downward, mixing cold water with surface warm water resulting in low nutrient [Mizobata et al., 2002] . Conversely, isopycnals were bent upward and relatively high nitrate-nitrite concentrations of about 15 to 20 μM were observed in the subsurface layer from 56 o N to the shelf area at about 56.3 o N ( Fig. 5c and 5d ). This high nitrate-nitrite layer could have originated in the basin. At the shelf break, temperature and density were uniform at depths less than 50m depth, indicating that basin water can be transported to the shelf easily ( Fig.5b and 5c ). Therefore, high nitrate-nitrite waters were distributed under the shelf break front ( Fig. 5c and 5d ). Bering Sea Eddy and Cross-Slope Exchange -13 -
Anti-cyclonic eddies in 2002
A positive SLA field detached from offshore was observed from August 8 to 9, 2002 (Fig. 3b ).
The hydrographic section shows a maximum northwestward geostrophic velocity of 22. [Mizobata et al., 2002; Johnson et al., 2004] . (Fig. 7a ) and then developed again at the end of July (Fig. 7b) . After developing, the magnitude and size of this eddy were maintainedt during August (Fig. 7c ). Finally this eddy decayed and coalesced with another large anti-cyclonic eddy located at 54.5 o N, 173 o W (Fig. 7d) . Thus shallow geostrophic structure and SLA distributions reflect the developing stage of the eddy or the meander. About 50km offshore from the shelf break a 3-band structure of geostrophic velocity was defined, but no distinctive geostrophic component was detected.
Therefore, the eddy and the meander of the BSC separated at least 50km offshore from the shelf break.
Bering Sea Eddy and Cross-Slope Exchange -14 -A surface warm layer more than 7 o C was formed, and bent downward near 55.6 o N (Fig. 6b) .
Dichothermal water was also found from 150m depth to 300m depth at 55. (Fig. 6c) .
From the result of geostrophic calculation and a SLA map, we captured the southeast edge of an anti-cyclonic eddy (Fig. 3b) . As was observed in 2001, cold water was only seen at the edge of the eddy (55.79 o N, Fig. 6b ) and isopycnals were tilted downward, advecting surface heat to the sub-surface layer by the downwelling at the center of the eddy (Fig. 6c) . Nitrate-nitrite contours designated clear downward tilting at the center of the eddy and upward tilting at the edge of the eddy, from the surface to 100m depth (Fig. 6d) . Different results described above with high Chl-a concentrations (1.0～3 mg m -3 ) were recognized in the surface from the basin to the shelf break (Fig. 6e) (Fig. 8a) . The high averaged EKE value, when the eddy field is reproduced, is similar to the result in section 3.1, showing a large anti-cyclonic eddy penetrating to a depth of 500m.
Relatively rapid and high EKE development was preceded by jet flow located 25km offshore from the shelf break which had wave number of less than 4 (Fig. 8b) . Jet flow with a wave number of more than 6, however, resulted in lower EKE than seen in Figure 8a . The eddy field is highly developed because jet flow with a barotropic wavelength of 166.6 to 250km (wave number = 2~3) was specified at 50km offshore from the shelf break (Fig. 8c) . No difference in eddy development was detected when the jet flow was located more than 50km offshore from the shelf break.
In this study we define the barotropic 200km-wavelength and a distance between shelf break and Bering Sea Eddy and Cross-Slope Exchange -16 -jet flow axis of 50km to be the optimum conditions for the regeneration of the eddy field. Under these conditions, simulations of the eddy field were conducted (Fig. 9) . Large meandering occurred along the shelf break (X=250km~350, Y=100km~200km) on day 20 and resulted in the mesoscale anti-cyclonic eddy on day 30, when small ellipsoidal cyclonic eddies occurred at the northwest and southeast side of this anti-cyclonic eddy, and other large meanders representing positive sea elevation appeared along the shelf break (X=100~200km, Y=100~200km; X=400~500km, Y=150~250km) (Fig. 9b) . The anti-cyclonic eddy generated on day 20 propagated northwestward along the shelf break, coalescing in the meander (X=100~300km, Y=100~200km) on day 40 (Fig.   9c ). Another meander developed into an anti-cyclonic eddy and detached offshore (X=375~475km, Y=100~150km). Cyclonic eddies described above remained between the shelf break and anti-cyclonic eddies (X=200~250km, Y=200~250km; X=325~425km, Y=150~200km).
Eddy-induced on-shelf nutrient flux
First we carried out a tracer experiment of basin nutrient. Results of hydrographic surveys show that major nutrients are depleted in the surface layer, but are abundant at the subsurface layer in the basin during summer (Fig. 5a ). An upwelling-like event related to the mesoscale eddy is also indicated in Figure. On day 20 when EKE development was initiated, integrated on-shelf fluxes occurred at the shelf near X=250km and X=350~400km at the location of a large meander's edge (Fig. 9a) . Integrated on-shelf fluxes increased when the anti-cyclonic eddy was regenerated on day 30 (Fig. 9b) .
Relatively large on-shelf flux emerged near the cyclonic eddies on the side of the anti-cyclonic eddy. Other increases in integrated on-shelf fluxes were exhibited near the meander at X=375~450km. The area where on-shelf fluxes were initiated shifted northwestward following the occurrence of an anti-cyclonic eddy (Fig. 9c) . A considerable increase in on-shelf fluxes was recognized at the shelf near X=250km where the cyclonic eddy remained. On-shelf fluxes (X=350km) also occurred near another cyclonic eddy, while on-shelf fluxes almost disappeared at the shelf near X=400~500km, where the anti-cyclonic eddy detached offshore. X=350~400km). This result is same as that of Wang and Ikeda [1997b] . Upward and downward velocity related to the meander of jet flow and anti-cyclonic eddy were also observed. These vertical velocities should enhance nutrient concentration at the surface layer, transporting nutrient-rich water from the bottom, and surface waters with low nutrients to the bottom. On day 30, the magnitude of vertical velocity was decreased (Fig. 11b) . On-shelf fluxes were estimated near the cyclonic eddy and the anti-cyclonic eddy, while weak downwelling and upwelling occurred at the shelf break (X=200~250km, Y=225km; X=300~350km, Y=200km). Although a downwelling exists at the shelf break (X=200~250km, Y=225km), there was an increase in on-shelf flux at the shelf (Fig. 11c) .
Bering Sea Eddy and Cross-Slope Exchange -19 -
The magnitude of vertical diffusivity was much smaller than that of vertical velocity by an order of 10 3 cm 2 s -1 (Fig. 11d-f) . Relatively high vertical diffusivities were found at the axis of jet flow and around the anti-cyclonic eddy. The vertical diffusivity field was most developed on day 30 (Fig.   11e ), when the anti-cyclonic eddy was formed at the shelf break. On day 40, the magnitude of vertical diffusivity dropped immediately (Fig. 11f) , even around the anti-cyclonic eddy (X=200~300km, Y=100~200km). Figure 11 indicates that nutrients are transported to the surface layer by vertical velocity advection before the eddy is formed. Vertical diffusivity is developed when the eddy is formed. Thus the eddy generation inducing vertical mixing and diffusion is crucially important for supplying nutrients from the subsurface layer to the surface layer. Additionally, horizontal advection is important for shelf-ward transport of nutrients according Fig. 10 and Fig. 11 , because compared to the advection timescale, the magnitude of the vertical diffusivity timescale is secondary.
Basin-ward transport of high Chl-a waters
Under conditions the same as those described above, a tracer experiment was carried out to measure the surface water exchange. We released the tracer assumed to contain a high Chl-a concentration into the first layer to the third layer in the shelf at time 0. A tracer concentration of 5 is considered the high Chl-a concentration in the shelf and shelf break region. The results indicate
Bering Sea Eddy and Cross-Slope Exchange -20 -that surface waters in the shelf were advected to about 100km basin-ward from the shelf break by the regeneration and propagation of the eddy field (Fig. 12) . On day 20, surface waters were advected from the shelf break to the basin following the development of the eddy field (Fig. 12a) .
In particular, basin-ward transports were found at the shelf break, X=225~250km and X=350km, where offshore components are thought to be large because of the jet flow and the meander. On day 30, the meander and the anti-cyclonic eddy drew surface waters, while low concentrations of surface tracer were found around the cyclonic eddy (Fig. 12b) . On day 40, the tracer was widely distributed from the shelf break to the basin (Fig. 12c) . The tracer was transported by the advection of the anti-cyclonic eddy (X=100~350km, Y=25~250km) and by the eddy's basin-ward propagation (X=400~500km, Y=100~200km). Thus the area where the tracer was distributed depended on the scale of eddies and the length of eddy passage along the shelf break. The on-shelf fluxes in the surface layer (σ=0.0 ~ -0.08) detected by the drifting buoy studies (Fig. 2) , however, could not be simulated in this study. This implies that on-shelf flux in the surface layer is a rare event, but on-shelf flux induced by eddies in the subsurface layer is more common.
Conclusions and Discussion
The cause of eddy field development
Results from in-situ observations in 2001 show that the gradient of isopycnals tilts in a direction
Bering Sea Eddy and Cross-Slope Exchange -21 -opposite to that of the topographic slope, in which the unstable wave numbers moves to a high wave number (short wave). The same situations have been observed and have induced short unstable waves [Wang and Ikeda, 1997b, c] .
Sensitivity analysis of eddy development indicates that the highest eddy activity can be reproduced when jet flow with a 200km-wavelength is introduced at a distance greater than 50km basin-ward from the shelf break. Jet flow near the shelf break does not introduce baroclinic waves because the magnitude of shear on the coastal side is greater than that on the offshore side [Shimada and Kubokawa, 1997] , and bottom and lateral dissipation are large in this case. The 50km distance from the shelf break is plausible because the axis of the BSC has a lateral scale of about 100km [Johnson et al., 2004] .
The baroclinic instability of the jet flow is also important for eddy development. This instability is most likely introduced by the Aleutian North Slope Current (ANSC) which is the main origin of the BSC [Schumacher and Stabeno, 1994; Reed and Stabeno, 1999] . Transport of the ANSC is affected by the inflow from Aleutian passes [Reed and Stabeno, 1994] and is accelerated after the ANSC turns to the northwestward near the Umnak Plateau [Stabeno and van Meurs, 1999] . Furthermore the instability near Amchitka Pass results from an increase in inflow influenced by the Alaskan Stream eddy [Okkonen, 1996] . There is another possibility; that baroclinic instability is related to the dynamics between relatively fresh water in the shelf and saline water in the basin. In the Gulf of Bering Sea Eddy and Cross-Slope Exchange -22 -Alaska, Lorenzo et al. [2005] demonstrated that the generation mechanism of the Haida eddies is associated with the mean advection of warmer and fresher water masses. The effect of relatively fresh shelf water on the eddy field will be investigated in the future.
Along the Bering Sea shelf break, the eddy field is developed beginning in spring and high eddy activity can be seen during summer [Mizobata and Saitoh, 2004] . The results described above indicate that the condition provoking the eddy field is introduced along the Bering Sea shelf break during summer.
The mechanisms maintaining the high primary productivity in the Bering Sea Green Belt
Simulation results revealed that basin nutrient-rich water underσ=-0.115 was transported to the shelf when the eddy field was regenerated (Fig. 9) , while a relatively high concentration (15~20μ M) of basin nutrients was distributed between the periphery of an anti-cyclonic eddy and the shelf break in the summer of 2001 (Fig. 5d) . Simulation results also imply that an increase in on-shelf fluxes due to the eddy field should always occur (Fig. 10) . Thus, on-shelf flux by eddy in the sub-surface layer is more important for nutrient supply than surface cross-slope flows. Vertical velocity and horizontal advection/diffusion related to the eddy field will transport basin nutrients into the shelf region at 200m isobaths, at least ( Fig. 10 and 11 ). Eddy-induced nutrients will be transported to the stabilized water column at the shelf break front ( Fig. 5b and 5c ) maintaining the Bering Sea Eddy and Cross-Slope Exchange -23 -phytoplankton in the euphotic zone [Springer et al., 1996] , and resulting in high phytoplankton biomass at the shelf break. We believe high Chl-a waters with low nutrient concentration in the surface layer of the shelf break reflect these phenomena (Fig. 5) . In this study, we used only nitrate-nitrite data to show nutrient depletion at the shelf break. Other measured nutrients (phosphate and silicate) were also depleted in the surface layer at the shelf break (not shown). Only
Nitrate-nitrite data alone is sufficient to explain nutrient limitation in this area, but further research will be needed to study the uptake and export of other major nutrients. Nutrients transported by cross-slope exchange will be trapped by tidal current around the Pribilof Islands [Kowalik and Stabeno, 1999] and affect lower trophic levels.
Conversely, surface waters in the shelf were transported to the basin by eddy regeneration and propagation, and extended along the shelf break 100km offshore from the shelf break (Fig. 12) .
Moreover, the area where surface Chl-a waters were distributed was expanded to include the basin that is the HNLC region, by northwestward and basin-ward movement of the eddy (Fig. 12) . In-situ observations in the summer of 2001 and 2002 revealed the high Chl-a waters between the anti-cyclonic eddy and the shelf break ( Fig. 5e and 6e ).
To explain the Bering Sea Green Belt, "the iron curtain hypothesis", which attributes high primary production to nitrate from the basin and iron from the shelf, has been considered (P. McRoy, Pers.
Comm. [Johnson et al., 2004] . Therefore Bering Sea eddies in the basin can supply iron from the intermediate water to the euphotic zone when eddies decay [Bakun, 1996] . Thus Bering Sea eddies would supply macronutrients (e.g., nitrogen) in the basin and iron in the shelf and deep basin to the shelf break area, resulting in better conditions for the phytoplankton. This hypothesis is supported by the hydrographic survey in 2001 ( Figure 5) showing high Chl-a values at the shelf break.
In summary, eddy generation and propagation along the shelf break contributes to 1) An increase in on-shelf nutrient fluxes maintaining high primary productivity in the subsurface layer from the basin, and
2) the basin-ward transport of surface high Chl-a waters resulting in an expanding Bering Sea Green Belt.
Bering Sea Eddy and Cross-Slope Exchange -25 -In this study, we explained the cross-slope exchange and its effects on primary productivity and on-shelf fluxes detected by drifting buoy. Our results support the hypothesis that inter-annual variability of primary production of the Bering Sea Green Belt primary productivity is associated with the fluctuation of the eddy field, as reported by Mizobata and Saitoh [2004] . Eddy-induced on-shelf nutrients flux should affect the marine ecosystem at the highly productive fishing ground located at the shelf break and on the shelf. In the future, a finer resolution ocean model will be applied to estimate precise on-shelf transport by eddies. 
